In the wake of a rapidly changing climate, droughts have intensified, in both duration and severity, across the globe. The Germanwatch long-term Climate Risk Index ranks Pakistan among the top 10 countries most affected by the adverse effects of climate change. Within Pakistan, the province of Balochistan is among the most vulnerable regions due to recurring prolonged droughts, erratic precipitation patterns, and dependence on agriculture and livestock for survival. This study aims to explore how the characteristics of droughts have evolved in the region from 1902-2015 using 3-month and 12-month timescales of a popular drought index, the Standardized Precipitation Evapotranspiration Index (SPEI). The region was divided into six zones using Spatial "K"luster Analysis using Tree Edge Removal (SKATER) method, and run theory was applied to characterize droughts in terms of duration, severity, intensity, and peak. The results of the non-parametric Mann-Kendall trend test applied to SPEI indicate prevailing significant negative trends (dryer conditions) in all the zones. Balochistan experienced its most severe droughts in the 1960s and around 2000. The effects of climate change are also evident in the fact that all the long duration droughts occurred after 1960. Moreover, the number of droughts identified by 3-month SPEI showed a significant increase after 1960 for all six zones. The same trend was found in the 12-month SPEI but for only three zones.
Introduction
Of all the hazards that wreak havoc across the globe, droughts are perhaps the least understood and the most damaging [1] . Caused primarily by an anomaly in the natural rainfall pattern of a region, droughts have evolved considerably in recent decades due to climate change, which has led to changes in the hydrometeorological processes throughout the Earth. Global warming has caused the average surface temperatures to increase, leading to changes in rainfall patterns, increased evapotranspiration, and shifting cropping patterns [2] .
One factor that makes studying droughts so problematic is that no single definition exists for drought [3] . This creeping phenomenon, as it has been called due to its slow onset, means different things to different water users. For a reservoir manager, a drought might occur when the water level in the reservoir drops below certain thresholds. For a meteorologist, it might be the departure of rainfall from the long-term average for a region. For a farmer, it might be the depletion of soil moisture such that it no longer supports the growth of crops. Droughts have been categorized into different types depending on which stage in the hydrometeorological cycle the effects are felt.
Meteorological drought may be defined as a shortfall of precipitation as compared to the long-term average for that region. Agricultural, or soil moisture, drought is said to occur when the soil moisture depleted to an extent where it is not enough to support the healthy growth of crops and vegetation. Hydrological drought occurs typically over a longer period, when the water flows in streams and rivers drop below the long-term average. When drought causes adverse impacts on society, it is said to be a socio-economic drought [3] . Recently, groundwater drought is also being discussed as a new type of drought, which is identified by a shortage in groundwater.
To monitor and study the propagation of droughts, researchers have developed various indices. Edossa et al. [4] employed the self-calibrated Palmer Drought Severity Index (PDSI) [5] to explore the characteristics of meteorological and hydrological droughts in South Africa. Focusing on the quantification of drought duration and severity, Byun and Wilhite [6] introduced the Effective Drought Index (EDI), which requires daily precipitation data. Numerous studies have made use of another popular drought index, the Standardized Precipitation Index (SPI) [7] , to study the characteristics of droughts in various parts of the world [8] [9] [10] [11] [12] . An upgrade to SPI is the Standardized Precipitation Evapotranspiration Index (SPEI) introduced by Vincente-Serrano et al. [13] in 2010. The calculation procedure is similar to that of SPI except that SPEI also uses potential evapotranspiration as an input, in addition to precipitation. Therefore, SPEI reflects the effects of temperature on droughts, and so is more suitable for drought monitoring in a changing climate. There have been various studies conducted that show the efficiency of SPEI as an index to monitor and characterize droughts [14] [15] [16] [17] [18] [19] [20] [21] [22] . SPEI has also been documented to be a suitable indicator for monitoring droughts in Pakistan [14, 23] .
Pakistan has been ranked among the top 10 countries severely affected by the adverse impacts of climate change [24] . The main hazards in Pakistan are floods and droughts. Balochistan province is among the most vulnerable to droughts due to its arid climatology, high exposure, and low adaptiveness [25] . A study [10] used SPI to characterize droughts in Balochistan from 1975 to 2010. It concluded that more than 70% of the meteorological stations demonstrated negative trends in precipitation after applying the Mann-Kendall test. However, the period chosen for this study does not provide a complete picture of the evolution of droughts throughout the 20th century. Furthermore, SPI does not reflect the changes in evaporative demand occurring due to warming. Therefore, in this study, we have used SPEI as the drought index and extended the study period to 1902-2015. This study also aims to extend the Pakistan-wide work of Jamro et al. [26] , which concluded that central Balochistan, along with Sindh, is the most vulnerable area to droughts and requires further investigation.
In the current study, SPEI at 3-month and 12-month timescales has been used to characterize droughts after regionalizing Balochistan into six zones. Finally, trend analysis has been carried out to identify any trends present in the SPEI time series, and drought characteristics, of the different zones.
Materials and Methods

Meteorological Data
The drought index chosen for this study is the Standardized Precipitation Evapotranspiration Index (SPEI) [13] . It can be considered an advanced version of the popular drought indicator, the Standardized Precipitation Index (SPI) [7, 27] , as it incorporates the effect of temperature when modeling droughts. SPI assumes either that precipitation has much higher variability than other climatic parameters affecting droughts, such as potential evapotranspiration (PET) and temperature, or that the other climatic parameters are stationary. However, in the context of global warming, assuming temperature to be stationary might lead to misleading conclusions. Therefore, SPEI is better suited for drought assessment, especially under a changing climate where the effect of rising temperatures is significant in drought development [28, 29] . SPEI is based on the calculation of a monthly climatic water balance, which is determined by subtracting PET from precipitation [13, 30] . However, it does have limitations of its own. These include more data requirements than SPI and sensitivity to the calculation method of PET.
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The calculation of SPEI is similar to that of SPI [31] in that the cumulated water balance (for SPEI versus precipitation for SPI) for n months is standardized to yield SPEI for different timescales. For example, SPEI at a 1-month timescale indicates a normalized water balance for that month as compared to the long-term average for the same month. Similarly, the 12-month SPEI denotes the normalized water balance for the preceding year in comparison to the long-term yearly average.
The Global SPEI Database, SPEIbase (version 2.5.1), contains monthly SPEI at timescales of 1-48 months and a spatial resolution of 0.5 • for the time period 1901-2015 [32] . The Global SPEI Database is based on gridded monthly precipitation and reference evapotranspiration from the University of East Anglia Climate Research Unit (CRU) (version TS 3.24.01) [33] . The PET is calculated using the Penman-Monteith method. The water balance is transformed to an approximately normal distribution after fitting to its time-series a three-parameter distribution (log-logistic distribution) using the unbiased probability-weighted moments method [30] . SPEI at 3-month and 12-month timescales were acquired from the SPEIbase to evaluate the characteristics of droughts of seasonal and yearly timescales, respectively.
Study Area
Balochistan (Figure 1 ) is the largest province of Pakistan, covering about 44% of its total landmass [34] . It is located between longitudes 71 • and 61 • E and latitudes 32 • and 25 • N. Its southern border includes about two-thirds of the coastline of Pakistan [35] . As it is in the arid zone, slight disturbances in climatic parameters lead to devastating consequences in the shape of flash floods and droughts [36] . The annual rainfall across Balochistan, on average, is less than 250 mm, characterizing it as an arid region. Balochistan is usually categorized into four geographical zones: northern uplands, lower highlands, plains, and deserts [37] . There is a considerable variation in temperature across the province. The northern uplands are characterized by warm summers and cold winters, whereas the winters in the northern districts of the lower highlands are usually extremely cold. However, summers are dry and hot. The plains and deserts get extremely hot in the summers, with temperatures reaching as high as 50 • C.
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Drought Regionalization
Regionalization is a popular technique used in hydrology to group stations into clusters showcasing similar behavior when comparing a certain attribute. The regionalization of droughts has been carried out in this study using a Spatial "K"luster Analysis using Tree Edge Removal (SKATER) algorithm [18, 26, 38] to divide Balochistan into six regions having a similar behavior of SPEI. A 24-month SPEI was used to cluster the 124 grid cells in Balochistan into six spatially contiguous regions, as this timescale was found to reflect the climate of Balochistan better than other timescales of SPEI.
The SKATER method "combines the use of a minimum spanning tree with combinational optimization techniques" [38, 39] . It is based on graph theory and it represents objects as vertices, whereas the relationships among the objects are represented by the edges. The relationships are based upon the attribute of interest, which in this case is the time series of SPEI. The relationships among the vertices are quantified by assigning a certain weight to each edge, which is proportional to the dissimilarity measure between the vertices it joins. SKATER uses Prim's algorithm [40] to construct a Minimum Spanning Tree (MST), which is a connected graph with no circuits where the vertices are connected by an exclusive path and the edges have the minimum weight.
After Balochistan was divided into six spatially contiguous zones, 3-month and 12-month SPEI were calculated for each grid cell. All the cells falling in a certain zone were averaged to obtain the SPEI for that zone.
Drought Characterization
To identify the droughts, run theory was employed [41] . It identifies runs based on a certain threshold. A run is a portion of a time series where all the values of the indicator are below a specified threshold. Various thresholds have been used in the literature for identifying droughts. Tian and Quiring [20] used the objective SPEI drought threshold in Oklahoma, which was −0.7. Liu et al. [18] and Jamro et al. [26] used −0.5 as their chosen thresholds. Since this study is an extension of Jamro et al. [26] , when the SPEI crossed the −0.5 mark, a drought was said to occur ( Figure 2 ). Following the identification of drought events, each drought was then characterized in terms of duration, severity, intensity, and peak ( Figure 3 ) [15] . The Drought Duration (DD) is the number of months between the start and the end of a drought event. Drought Severity (DS) is the sum of all the values of SPEI during a drought event. Drought Intensity (DI) is DS divided by DD for the drought event. Drought Peak (DP) is the lowest value of SPEI reached during the drought event.
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Drought Trends and Evolution
The identification of statistically significant trends in SPEI and drought characteristics has been carried out using the non-parametric Mann-Kendall trend test [42] and Sen's slope. The Mann-Kendall calculation involves the subtraction of a trend estimate [43] from the time series.
This test has been recommended by the World Meteorological Organization (WMO) to be conducted in climatology studies due to its allowance for missing values, low sensitivity to outliers, and no requirements for the sample to conform to a certain distribution [15] . Sen's slope is another non-parametric test which is usually run to estimate the true slope of trends found to be significant by the Mann-Kendall trend test [44, 45] . The Mann-Kendall trend test is applied at a significance level of 0.05, and Sen's slope is used to estimate the magnitude of the slope.
To study the evolution of drought characteristics from 1902 to 2015, two types of analyses were carried out. First, the Mann-Kendall trend test was applied to the entire time series of SPEI and drought characteristics. Secondly, the study period was divided into two parts, with one being pre-1960 and the other post-1960. Then, descriptive statistics were calculated for each time period. The division was undertaken to isolate the effects of climate change, which is widely reported to have been accelerated since the 1960s [46, 47] .
Results
Drought Regionalization
The SKATER technique applied to Balochistan created six contiguous zones based on the similarity of 24-month SPEI time series ( Figure 4 ). The zones produced reflect the climatology of this region. 
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Results
Drought Regionalization
The SKATER technique applied to Balochistan created six contiguous zones based on the similarity of 24-month SPEI time series (Figure 4 ). The zones produced reflect the climatology of this region. 
3-Month and 12-Month SPEI Time Series
Having identified six spatially contiguous zones showing similar behavior of drought, SPEI time series were developed for each zone. Figures 5-10 display the 3-month and 12-month SPEI time series for individual zones for the period of 1902-2015. The 3-month SPEI provides us with a seasonal picture of drought, reflecting short duration meteorological droughts, whereas the 12-month SPEI sheds light on long-duration, persistent hydrological droughts in the region. The blue bars represent the positive values of SPEI, whereas, the negative values of SPEI is shown by the red bars. The least-squares regression line has also been plotted, and it is worth noting that it has a negative slope for all the zones. This suggests that the average SPEI has decreased over the study period. The distinction between wet and dry periods is much more distinct in the 12-month SPEI time series as compared with the 3-month time series. 
Drought Characterization
Run theory was applied to each zone's SPEI time series with a threshold of −0.5. Then, drought events identified were characterized into duration, severity, intensity, and peak. The drought durations, severities, intensities, and peaks at 3 and 12-month SPEI time scales for each zone can be visualized in Figures 11-14 . The plots indicate drought termination times. A first look at Figure 11 reveals that all the zones have experienced droughts of variable durations throughout the study period. From Figure 11b , we can see that Zone 4 experienced the longest duration drought of all the zones, lasting 5 years. It started in July 1962 and ended in July 1967. This drought also affected Zone 2 for about 45 months. However, the most severe ( Figure 12 ) drought in Balochistan's history occurred in Zone 5 in the 2000s.
Another event that stands out is the severe (Figure 12 ) drought occurring in all the zones roughly from 1998 to 2002 [48, 49] . Both of these droughts have been reported extensively in the literature [50] . The drought occurring in 1998-2002 was experienced across vast areas of South Asia, including Western India and most of Pakistan. This particular drought is believed to have been caused by an El Nino event that started developing in 1997 in the Pacific Ocean [25] . Figures 13 and  14 show the intensities and peaks of all the drought events that occurred in each zone. Although the duration and severity graphs seem to be showing similar patterns, the same is not true for the intensities and peaks of the droughts. Therefore, the longest or most severe drought does not 
Run theory was applied to each zone's SPEI time series with a threshold of −0.5. Then, drought events identified were characterized into duration, severity, intensity, and peak. The drought durations, severities, intensities, and peaks at 3 and 12-month SPEI time scales for each zone can be visualized in Figures 11-14 . The plots indicate drought termination times. A first look at Figure 11 reveals that all the zones have experienced droughts of variable durations throughout the study period. From Figure 11b necessarily mean the drought with the most intensity or peak. The lowest (worst) peak SPEI occurred on January 2003 in Zone 5. This was also the most intense drought.
Drought Evolution
Tables 1 and 2 display the results of the Mann-Kendall trend analysis applied to 3-month and 12-month SPEI time series, along with the drought characteristics. The p-value for the SPEI of all the zones is less than 0.05 with negative tau and Sen's slope values. This suggests that the whole province of Balochistan is experiencing increasing dryness. Nevertheless, Zone 5 has experienced the most change in its 3-month SPEI time series, while Zone 1 encountered the same for its 12-month SPEI time series. This is evident when comparing the magnitude of Sen's slope for each zone. Comparing Tables 1 and 2, we note that there are nearly twice the characteristics having non-statistically significant trends in 12-month analysis when compared with the results of 3-month analysis. This is understandable in view of the 12-month SPEI reflecting accumulated conditions over a longer period than the 3-month SPEI, so the effective number of independent data in the time series is less.
Moreover, the duration is seen to be increasing with time in all the zones. However, the increase in duration is not statistically significant in Zones 2, 3, and 4 for 3-month SPEI and in Zones 1, 2, 4, and 5 for 12-month SPEI. Similarly, severity, intensity, and peak are also decreasing in all the zones, as indicated by the negative values of the respective Sen slopes. However, trends in none of these characteristics are statistically significant in Zone 3 for the 3-month SPEI and in Zones 1 and 2 for the 12-month SPEI. Additionally, duration and severity show no statistically significant trend in Zone 5, whereas intensity and peak show no statistically significant trend in Zone 6 for the 12-month SPEI. From 1902 to 2015, for the 12-month SPEI, Zone 4 saw the most change in duration, severity, and intensity, whereas, for the 12-month SPEI, Zone 1 witnessed the most change in severity and intensity, as opposed to Zone 5, which noted the most change in duration and peak. Another event that stands out is the severe (Figure 12 ) drought occurring in all the zones roughly from 1998 to 2002 [48, 49] . Both of these droughts have been reported extensively in the literature [50] . The drought occurring in 1998-2002 was experienced across vast areas of South Asia, including Western India and most of Pakistan. This particular drought is believed to have been caused by an El Nino event that started developing in 1997 in the Pacific Ocean [25] . Figures 13 and 14 show the intensities and peaks of all the drought events that occurred in each zone. Although the duration and severity graphs seem to be showing similar patterns, the same is not true for the intensities and peaks of the droughts. Therefore, the longest or most severe drought does not necessarily mean the drought with the most intensity or peak. The lowest (worst) peak SPEI occurred on January 2003 in Zone 5. This was also the most intense drought. 
Tables 1 and 2 display the results of the Mann-Kendall trend analysis applied to 3-month and 12-month SPEI time series, along with the drought characteristics. The p-value for the SPEI of all the zones is less than 0.05 with negative tau and Sen's slope values. This suggests that the whole province of Balochistan is experiencing increasing dryness. Nevertheless, Zone 5 has experienced the most change in its 3-month SPEI time series, while Zone 1 encountered the same for its 12-month SPEI time series. This is evident when comparing the magnitude of Sen's slope for each zone. Comparing Tables 1 and 2, we note that there are nearly twice the characteristics having non-statistically significant trends in 12-month analysis when compared with the results of 3-month analysis. This is understandable in view of the 12-month SPEI reflecting accumulated conditions over a longer period than the 3-month SPEI, so the effective number of independent data in the time series is less. Moreover, the duration is seen to be increasing with time in all the zones. However, the increase in duration is not statistically significant in Zones 2, 3, and 4 for 3-month SPEI and in Zones 1, 2, 4, and 5 for 12-month SPEI. Similarly, severity, intensity, and peak are also decreasing in all the zones, as indicated by the negative values of the respective Sen slopes. However, trends in none of these characteristics are statistically significant in Zone 3 for the 3-month SPEI and in Zones 1 and 2 for the 12-month SPEI. Additionally, duration and severity show no statistically significant trend in Zone 5, whereas intensity and peak show no statistically significant trend in Zone 6 for the 12-month SPEI. From 1902 to 2015, for the 12-month SPEI, Zone 4 saw the most change in duration, severity, and intensity, whereas, for the 12-month SPEI, Zone 1 witnessed the most change in severity and intensity, as opposed to Zone 5, which noted the most change in duration and peak.
Following the trend analysis for the entire period, the time series were divided in the year 1960. Figure 15 displays the total drought count, pre-1960 and post-1960 drought count for 3-month and 12-month SPEI. According to the 3-month SPEI, a larger number of droughts occurred after 1960 in all the zones (Figure 15a ). The 12-month SPEI showed that the majority of the droughts occurred after 1960 in Zones 1, 3 and 5. Additionally, all the long duration droughts that occurred in Balochistan were experienced after the 1960s (Figure 16 ). The most severe droughts also occurred after the 1960s in all the zones (Figure 17) . The 3-month SPEI indicated that apart from Zone 4, the most intense droughts occurred after 1960 (Figure 18a ). According to the 12-month SPEI, the most intense droughts occurred after 1960 in all the zones, except for Zone 6. As for the droughts with the lowest peak SPEI, all the zones except for Zone 5 experienced them after 1960 ( Figure 19 ). The results from this analysis support the hypothesis that global changes in climate are worsening droughts in the region of Balochistan. The duration, severity, intensity, and peak are all aggravating. after the 1960s in all the zones (Figure 17 ). The 3-month SPEI indicated that apart from Zone 4, the most intense droughts occurred after 1960 (Figure 18a ). According to the 12-month SPEI, the most intense droughts occurred after 1960 in all the zones, except for Zone 6. As for the droughts with the lowest peak SPEI, all the zones except for Zone 5 experienced them after 1960 ( Figure 19 ). The results from this analysis support the hypothesis that global changes in climate are worsening droughts in the region of Balochistan. The duration, severity, intensity, and peak are all aggravating. 
Discussion
Based on the regionalization technique, six spatially contiguous zones were created in the province of Balochistan. A 24-month SPEI time series was used for regionalizing the study area. The zones produced not only reflect the climatology of the region, but the first four zones are also similar to the divisional boundaries of Balochistan.
The results of this study are consistent with the existing literature. Ashraf and Routray [10] conducted a study in 2015 in which they assessed the spatio-temporal characteristics of droughts in Balochistan using SPI as an indicator for the period of 1975-2010. They concluded that negative 
The results of this study are consistent with the existing literature. Ashraf and Routray [10] conducted a study in 2015 in which they assessed the spatio-temporal characteristics of droughts in Balochistan using SPI as an indicator for the period of 1975-2010. They concluded that negative trends in precipitation exist in more than 70% of the climatic stations at both annual and seasonal scale. The only anomaly that was observed was at Ziarat station, which lies in Zone 5 in this study and showed a statistically significant positive trend in spring. Furthermore, Adnan [14] concluded, based on climatic data from 1951 to 2015, that the annual evapotranspiration and maximum temperature in Balochistan showed a statistically significant positive increasing trend at a confidence interval of 95%. Coupled with other detrimental effects, the trend toward dryness may eventually lead to the desertification of the entire region [35] .
Furthermore, the findings of this study also complement the results of global research focusing on the effects of climate change on droughts. Li et al. [51] reported a dramatic increase in drought-affected areas in South Asia in the late 1990s and early 2000s. As identified in this study, the drought of 1998-2002 was among the worst that the entire region of Balochistan faced. It occurred due to an El Nino that started to develop in 1997 in the Pacific Ocean. They also concluded that the Drought Risk Index (DRI), defined by combining the effects of drought severity, frequency, crop yield, and extent of irrigation, in South Asia is expected to increase by up to 97.6% by the year 2050.
Conclusions
This study furthers the research carried out by Jamro et al. [26] by analyzing the evolution of drought characteristics in Balochistan from 1902 to 2015 using SPEI, based on the gridded dataset provided by CRU, as an indicator of drought. The SKATER algorithm was first applied to the study area to regionalize it into six spatially contiguous zones. The resulting zones reflect the climatology of the region. Run theory was applied to 3-month and 12-month SPEI time series to identify and characterize droughts in terms of duration, severity, intensity, and peak. Moreover, the Mann-Kendall test was carried out to identify any statistically significant trends in the SPEI time series, as well as in the drought characteristics. Additionally, the study area was divided into two periods, pre-1960 and post-1960. Then, descriptive statistics were calculated for each zone. This was done to segregate the effects of climate change, which are believed to have accelerated in the 1960s.
The main conclusions from this study are the following. SKATER is a useful technique to regionalize droughts, as it takes into account the spatial contiguity of the dataset. Additionally, all of the zones in Balochistan show a trend toward decreasing SPEI (increasing dryness). This may indicate intensified droughts in the future, and worsening aridity and desertification. Zone 5 experienced the most change in 3-month and 12-month SPEI from 1902 to 2015. In general, all of the drought characteristics seem to be worsening with time in all of the zones, although not all the changes are statistically significant. The worst droughts that affected the whole of Balochistan occurred in the mid-1960s and around 2000. Zone 4 witnessed the longest duration drought of all the zones, which lasted for almost 5 years in the mid-1960s.
This study has limitations, including using only a single type of drought indicator: SPEI. To understand drought in a holistic manner, it is pertinent to employ an interdisciplinary approach. The effects on the ecosystem and society need to be taken into account to come up with effective policies. A social aspect of this research would have greatly validated the results of this study. This direction will be our future course of action.
